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Tensile properties and stress-controlled fatigue fracture behaviors of
Cu/Sn-4Ag solder joints aged at 180�C for different times were systematically
investigated. It was found that the tensile strength of the solder joints
decreased with increasing aging time and that the fracture mode changed
from ductile to brittle. The fatigue life of the solder joints also decreased with
increasing aging time. For most of the solder joints, fatigue cracks tended to
initiate around the Cu/Cu6Sn5 interfaces due to the strain incompatibility and
local strain concentration on a micro-scale, and they then propagated within
the solder proximately along the Cu/Cu6Sn5 interfaces. The samples aged
for different times or tested under different stress amplitudes had similar
fractography morphologies, which consisted mainly of a propagation region,
covered by solder, and a final fracture region. Based on the experimental
observations above, the corresponding interfacial fatigue failure mechanisms
were discussed in terms of different influencing factors.
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INTRODUCTION

Although traditional Sn-37Pb eutectic solder
alloys have been used widely in microelectronics
assembly, many industrialized countries have leg-
islated to limit their usage, because lead and
Pb-based compounds have been cited by the Envi-
ronmental Protection Agency (EPA) as one of the top
17 chemical poisons that are the greatest threat to
human life and the environment.1 Now, developing
viable alternative lead-free solders has become sig-
nificantly important in the microelectronics indus-
try, because soldering not only provides electronic
connections, but also ensures the mechanical reli-
ability of solder joints under the service conditions.
Therefore, it has been recognized that one of the
major concerns for the integrity of the solder inter-
connection is the damage mechanisms at the solder/
substance interfaces under various practical service
conditions. Furthermore, solders are increasingly
expected to perform in some dynamic service envi-
ronments where stress and strain distributions

change with time. In particular, the advance in
high-density electronic packaging technology has
set higher standards for the mechanical reliability
of the interconnections. Not only are the uniaxial
tensile or shear properties important, but also the
fatigue properties of Pb-free solder joints have great
significance.2,3

The Sn-Ag series solder alloy is one of the most
promising Pb-free solder candidates, because it has
a relatively low melting point, good soldering abil-
ity, and excellent mechanical properties. In recent
years there have been many investigations con-
cerning the tensile and fatigue properties of Sn-Ag
solder or solder joints.4–13 However, most of these
studies have been based only on the experiments
performed to evaluate the reliability of the solder
joints. Although the solder/substance interface is
crucial for the mechanical integrity of the solder
joints, few studies so far have focused on the
microscopic interfacial damage behaviors. In par-
ticular, there have been very limited studies on the
fatigue behavior of solder/substance interfaces,
which is more valuable in practice.14,15 Therefore, in
order to obtain some reliable fatigue data about
solder/substance interfaces and to have a better
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understanding of the mechanisms of interfacial
fatigue damage, we systematically investigated the
behaviors of tensile and stress-controlled fatigue
fractures of Cu/Sn-4Ag solder joints aged at 180�C.
Furthermore, it is expected that this research may
provide a new approach for reliability evaluation of
the Cu/solder interfaces.

EXPERIMENTAL PROCEDURE

In this study the Cu single crystal plate was
grown from oxygen-free high conductivity (OFHC)
Cu of 99.999% purity by the Bridgman method in a
horizontal furnace. The solder alloy was Sn-4Ag,
which we prepared by melting high purity
(>99.99%) tin and silver at 800�C for 30 min in
vacuum. According to the Sn-Ag binary diagram,
the equilibrium microstructure of the Sn-4Ag alloy
is composed of proeutectic plate-like Ag3Sn coarse
grains and a eutectic microstructure of Sn and
needle-like Ag3Sn particles.10

The Cu single crystal plate was first spark-cut
into small blocks, and the surfaces for soldering
were carefully polished with a diamond polishing
agent. After they had been air dried, a soldering
paste was spread on the polished area; a Sn-4Ag
alloy sheet was placed on the paste to ensure suffi-
cient wetting reaction. Graphite plates were
clamped on the sides of the Cu samples with the
solder paste, to avoid the outflow of the molten sol-
der. The prepared samples were bonded in an oven
at a temperature of 260�C for 10 min to evaporate
the rosin flux and then cooled down in air. Some of
the soldered samples were isothermally aged for
4 days and 16 days at a temperature of 180�C.14,15

After that, both the as-reflowed and aged samples
were spark-cut into tensile and fatigue specimens,
and the side surfaces were firstly ground with 2000#
SiC abrasive paper and then carefully polished with
1 lm diamond powder for the microstructural
observations of the solder/Cu interface. The dimen-
sions of tensile and fatigue specimens are presented
in Fig. 1.

Both tensile and fatigue tests were carried out
with an Instron 8871 fatigue testing machine at
room temperature in air. Tensile tests were per-
formed under a cross-beam speed of 0.005 mm s�1

to obtain a strain rate of approximately
1.25 9 10�4 s�1. All the fatigue tests were stress-
controlled and performed under a symmetrical
sinusoid wave with a frequency of 2 Hz. A stress
ratio (R), defined as the ratio of the stress amplitude
(ra) to the tensile strength of the samples (rb), was

employed to illustrate the relative stress intensity.
The stress ratio was chosen in the range of 0.50–
0.95, varied for the samples aged for different times.
Microstructures and fracture surfaces of the speci-
mens were observed in a LEO scanning electronic
microscope, which revealed the initiation and
propagation of the fatigue crack and the final frac-
ture morphologies.

RESULTS AND DISCUSSION

Morphology and Growth Kinetics
of Interfacial Intermetallic Compounds

During the initial soldering process, the inter-
metallic compound (IMC) layer displayed a scallop-
like morphology forming along the interface of the
Sn-4Ag/Cu joints, as shown in Fig. 2a. Analysis by
energy dispersive x-ray (EDX) spectroscopy indi-
cated that the IMC layer was the Cu6Sn5 phase,
with an average thickness of approximately 2 lm.
Figure 2d shows the morphology of the Cu6Sn5

grains in the as-soldered sample. It can be seen that
the Cu6Sn5 grains are spherical. After isothermal
aging at 180�C for 4 days, the IMC/solder interface
became quite flat, and the IMC thickness increased
to about 6 lm, as shown in Fig. 2b. Meanwhile, the
scallop-like Cu6Sn5 layer changed to a planar type
with duplex layers of Cu6Sn5/Cu3Sn, and the
spherical Cu6Sn5 grains became typical equiaxed
ones (see Fig. 2e). The flattening process requires
that the growth of the IMC should be faster in the
valleys of the scallop than in the peaks.16 After
isothermal aging for 16 days, the total IMC thick-
ness had increased to approximately 11 lm, and
there was no obvious coarsening of the IMC/solder
interface, as shown in Fig. 2c. The morphology of
the Cu6Sn5 grains was similar to that of the samples
aged for 4 days, but the grains became larger, as
seen in Fig. 2e and f. The growth of the interfacial
IMC layers during the aging process was considered
to be controlled by a diffusion mechanism, and the
growth rate of the Sn-4Ag/Cu interface was
approximate to the SnAgCu/polycrystalline Cu and
the SnAgCu/Cu single crystal interfaces.17–20 In
addition, if we compare Fig. 2b with Fig. 2a, we find
that there is a little coarsening of the needle-like
Ag3Sn grains in the solder, which may induce a
slight decrease of the yield strength of the solder.

Tensile Property and Fracture Behavior

Figure 3 shows the tensile stress–displacement
curves of the solder joints aged for different times. It
indicates that the tensile strength (rb) of the solder
joints had dropped from 59.2 MPa (as-soldered
samples) to 46.8 MPa (samples aged for 4 days) and
38.0 MPa (samples aged for 16 days). This tendency
is in agreement with many previous results.21,22 In
addition, the yield strengths of those samples are in
the range of 15–20 MPa, and the samples exhibited
strong strain hardening during the tensile test, asFig. 1. Illustration of tensile and fatigue specimens.
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shown in Fig. 3. Since the solder layer is only a
small fraction of the whole sample, a tensile stress–
displacement curve of the whole sample should be
quite similar to that of the Cu single crystal; thus,
the yield and strong strain-hardening behavior
should mainly result from the plastic deformation of
the Cu single crystal. Although the stress ampli-
tudes are always higher than the yield strength of
the Cu single crystal during a fatigue test
(‡20 MPa), the Cu substrate should not display
much plasticity, due to the strong work hardening.

Figure 4 shows the tensile fractographic mor-
phologies of the samples aged for different times,
from which one can conjecture the microscopic ten-
sile fracture mechanisms for the samples processed
for different aging times. The as-soldered sample

exhibited a typical ductile rupture feature, as indi-
cated by the numerous dimples shown in Fig. 4a.
There are some cracked IMCs at the bottom of the
dimples (Fig. 4b), indicating that the micro-scale
cracks firstly initiated at the top of the IMC layer
and then propagated into the solder, along a special
angle, to form a dimple. In contrast, the samples
aged for 16 days displayed the typical feature of
trans-granular brittle rupture in the interior of the
Cu6Sn5 grains (Fig. 4d). The fracture mechanism of
the samples aged for 4 days is more complicated.
According to their fractographies, shown in Fig. 4c,
it seems that the samples broke in a mixed mode or
that a ductile-to-brittle transition occurred because
both ductile dimples and brittle IMCs coexisted on
the fracture surface. As a result, it can be predicted
that the fracture mode may be transformed from
ductile to brittle when the interfacial IMC thickness
increases to approximately 6 lm; the transition is
quite consistent with the decrease in the tensile
strength.5

As the Young�s modulus, yield strength and
hardness of Cu6Sn5 and Cu3Sn phases are much
higher than those of the solder alloy and Cu sub-
strate, the external stress cannot be the only reason
for the fracture of the interfacial IMCs during tensile
testing. In fact, due to the decrease in the volume
during continuous growth of Cu6Sn5 and Cu3Sn
layers, residual transformation stress accumulates
at the interface of solder/Cu.23–25 Additionally, the
simulation of stress distribution indicates that there
is a severe stress concentration at the corner of the
Cu/Cu6Sn5 interface, which is induced by the strain
incompatibility.5 Therefore, for the aged samples,
the interfacial IMCs are easily broken at a low stress
and exhibit a brittle fracture feature.

Fig. 3. Stress–displacement curves of solder joints aged at 180�C
for different times.

Fig. 2. Morphology and evolution of interfacial IMCs after aging at 180�C for different times. (a) Interfacial morphology of as-soldered sample; (b)
sample aged for 4 days; (c) sample aged for 16 days; (d) grain morphology of as-soldered sample; (e) sample aged for 4 days and (f) 16 days.
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Fatigue Behavior

The stress amplitude (ra)–fatigue life (Nf) rela-
tionship (S–N curve) of specimens aged for different
times is shown in Fig. 5. When the stress amplitude
is low (e.g., ra £ 35 MPa), the fatigue life displays
an approximately exponential increase with
decreasing stress amplitude. Additionally, it is
obvious that the fatigue life of the as-soldered
samples is close to that of the samples aged for
4 days, but is obviously longer than that of the
samples aged for 16 days. This indicates that a
short aging time (e.g., 4 days) might slightly affect
the fatigue life of the joint samples, but that a long

aging time (e.g., 16 days) may markedly worsen the
fatigue properties of the joint samples. The fatigue
failure processes and the effect of adhesive strength
on fatigue life will be discussed later in detail.

When the stress amplitude is higher (e.g.,
ra ‡ 40 MPa), it is obvious that the fatigue life
abnormally deviates from the conventional range of
low-cycle fatigue life. When the stress amplitude is
between 40 MPa and 45 MPa, the S–N curve has a
nearly upright ascent, and then it descends with
increasing stress amplitude, which is similar to that
of a Pb-rich solder alloy.26 The abnormal range of
as-reflowed samples is a little bit higher than that of
the samples aged for 4 days. The increase in
abnormal fatigue life under higher stress amplitude
may be caused by a yield of the solder, because the
yield strength of Sn-4Ag solder is approximately
40–50 MPa under the current strain rate.3,27 When
the stress amplitude is higher than the yield
strength of the solder, the solder will first yield to
release the strain incompatibility between the sol-
der and the interfacial IMC. It has been reported
that aging often induces a small drop in the yield
strength, due to the coarsening of the needle-like
Ag3Sn particles in the solder alloy.8,28 Therefore,
the S–N curve of samples aged for 4 days deviates in
the lower stress amplitude range in comparison
with that of the as-soldered ones. For the samples
aged for 16 days, there is no such abnormal phe-
nomenon, because the stress amplitude is lower
than the yield strength of the solder. For the sam-
ples aged for 4 days and 16 days, the stress ratio
can be very high, with relatively long and steady
fatigue lives. Thus, it seems that, at the same stress
ratio, fatigue lives of the aged samples are longer.

Fig. 4. Tensile fractography morphologies showing (a) ductile fracture of the as-soldered sample; (b) magnified dimples of the ductile fracture
surface; (c) fracture of the samples aged for 4 days and (d) 16 days.

Fig. 5. S–N curves of joint samples aged at 180�C for different
times.
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However, when the stress amplitude increases to a
value close to the tensile strength, the fatigue life of
the sample will decrease rapidly to less than 1000,
which may correspond to an obvious transition of
the fatigue fracture mechanisms.

It is common to use the Basquin equation to
describe the relationship between the applied stress
amplitude and the fatigue life. For the solder joints
tested at a low stress amplitude, the equation is:

Dr=2 ¼ ra ¼ r0f ð2Nf Þb (1)

where ra is the stress amplitude and r0f is the fati-
gue strength coefficient, which is close to the frac-
ture strength of the samples (rf). Since the solder
between the two pieces of Cu is very thin, its plastic

deformation is restrained by the Cu substrate, so
that necking of the solder can be neglected. Here, we
hold an approximation that rf = 1.05rb, as the
strain of the sample is 5% on average. Nf is the
fatigue life and b is the fatigue strength exponent.
The stress amplitude exhibits an approximately
linear relationship with the stress inverse cycles on
a log–log plot, as shown in Fig. 6. The fatigue
strength exponent can be calculated from the slope
of the fit lines, and the values of the as-soldered
samples and samples aged for 4 days and 16 days
are b0 = �0.124, b4 = �0.113 and b16 = �0.146,
respectively. Beyond that, one can make a predic-
tion of the approximate fatigue lives of the solder
joints when their fracture strengths and the applied
stress amplitudes are given.

Fatigue Fracture Process

To investigate the initiation and propagation
mechanisms of fatigue cracks, we chose some sam-
ples at fixed cycles for side surface observations. The
results showed that the samples aged for different
times had similar crack initiation mechanisms. In
Fig. 7, an as-soldered sample tested at a stress
amplitude of 35 MPa was employed to reveal the
initiation mechanism. Figure 7a shows the side
surface morphology of the as-soldered sample after
5000 cycles. Close to the interfacial IMC, severe
plastic deformation of the solder was observed, due
to the stress concentration at the solder/IMC inter-
face. In fact, such stress concentration has been
proven by simulation of the stress distribution at
the Cu/solder interface.5 In light of the great dif-
ference of mechanical properties between the solder
and the IMC, especially the hardness, it is easy to
understand the severe strain incompatibility and

Fig. 6. Dependence of log (ra/rf) on reversal number (2Nf) of the
joined samples aged at 180�C for different times (ra< ry).

Fig. 7. Side surface showing (a) deformation of solder; (b) micro-cracks; (c) initiation and (d) propagation of fatigue cracks; (e) extrusion and
micro-crack near the Cu6Sn5/solder interface of the aged sample; (f) side surface of the fractured sample.
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stress concentration that exists near the inter-
faces.23,24 After 10,000 cycles, some superficial
micro-cracks appeared at the solder/Cu6Sn5 inter-
face, as shown in Fig. 7b. With increasing number of
cycles, plastic deformation at the solder/IMC inter-
face became more and more severe. The micro-
cracks linked up with each other to form a long
initial crack and propagated into the solder near the
solder/Cu6Sn5 interface, as shown in Fig. 7c. With
further increasing number of cycles, fatigue cracks
remained in the solder and kept propagating
(Fig. 7d). According to Fig. 7e, in which the sample
had been aged for 4 days and tested at a stress
amplitude of 35 MPa for 10,000 cycles, it can be
predicated that the original micro-crack initiation
mechanism of the aged samples will be a little bit
different from that of the as-soldered samples.
Besides, although the plastic deformation of the
solder close to the interfacial IMC was severe, the
initial fatigue cracks of the Cu/Sn-4Ag solder joints
appeared just at the solder/Cu6Sn5 interface, rather
than in the deformed solder. The perfect residual
interfacial IMC on the fracture surface shown in
Fig. 7f provided clear evidence. In addition, some
reports have indicated that the plate-like Ag3Sn
grains can be regarded as a strengthening phase to
improve the resistance to fatigue cracking.11 In our
study, inhomogeneous plastic deformation with a
core of plate-like Ag3Sn grains in the solder adjacent
to the interface was observed, as shown in Fig. 7d,
which may have decreased the fatigue life of the
solder joints by promoting the crack initiation.
However, as there are only a few plate-like Ag3Sn
grains at the interface where cracks are easily initi-
ated, the plate-like Ag3Sn compound may actually
have little effect on fatigue crack initiation.

The propagation path and fracture mechanism of
fatigue cracks can be predicated from the fracto-
graphic morphologies of solder joints. Observations
showed that the samples aged for different times
and tested at different stress amplitudes had simi-
lar fatigue fracture surfaces. Figure 8 shows the
typical fractographic morphologies of the fatigued
samples. The macroscopic image of the fatigue
fracture surface is illustrated in Fig. 8a. It is obvi-
ous that there are two regions in general: (1) a
region of fatigue crack propagation, covered by
deformed solder and (2) a final fracture region with
a flat morphology on a macroscale. As the fatigue
cracks were often initiated at the sample edge, the
fracture surface in this region was quite smooth,
due to the effects of friction and crack closure, as
shown in Fig. 8b. In contrast, the region of fatigue
crack propagation was quite rough and covered by a
layer of deformed solder, as shown in Fig. 8c.
Combined with the former side-surface observations
in Fig. 7, it is obvious that fatigue cracks were
propagated in the solders close to the solder/Cu6Sn5

interface. Little IMC was found in the former two
regions. Another difference from the conventional
surface of the fatigue fracture of engineering
materials is that there is no fatigue striation
observed in the region of fatigue crack propagation,
as in Fig. 8c.

The morphology of the final fracture region is a bit
complex. Though all the samples finally failed in a
brittle mode, there were always two types of frac-
ture modes observed in the same sample, i.e., inter-
granular fracture (see Fig. 8d) and trans-granular
fracture (see Fig. 8f). Figure 8e shows the interface
of the inter-granular fracture and trans-granular
fracture. For the inter-granular fracture, cracking

Fig. 8. Fatigue fracture surface. (a) Macroscopic image; (b) fractography morphologies, showing fatigue crack origin; (c) region of fatigue crack
propagation, with deformed solder; (d) inter-granular fatigue fracture along the Cu6Sn5/solder interface; (e) transition region from inter-granular to
trans-granular fatigue fracture; (f) trans-granular fracture along the Cu6Sn5/Cu3Sn interface.
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often occurred at the interface of the Cu6Sn5 grains
and the solder; and the interfacial Cu6Sn5 grains
remained intact after the final fracture. In contrast,
for the trans-granular fracture mode, cracking
occurred in the interior of IMCs. For the samples
aged for 16 days or subjected to higher stress
amplitudes, even some Cu3Sn grains could be found
at the final fracture surface (see Fig. 8f).

It can be concluded from the foregoing observa-
tions and discussion that specimens aged for dif-
ferent times have similar processes for the initiation
and propagation of fatigue cracks when the stress
amplitude is relatively low. Figure 9 illustrates
the whole process of fatigue failure. Firstly, the
solder close to the Cu6Sn5/solder interface deforms
severely due to the stress concentration under the
cyclic loading; micro-cracks appear at the interface,
caused by the strain incompatibility between the
two phases. With increasing number of cycles, the
micro-cracks link up and are propagated into
the solder adjacent to the solder/Cu6Sn5 interface.
The effective loading area is reduced, and the real
stress applied to the solder joints increases with the
propagation of fatigue cracks. When the real stress
approaches the tensile strength, final brittle frac-
ture will occur in an inter-granular or trans-gran-
ular mode, as shown in Fig. 9.

Fatigue Life Determinant

The analysis above demonstrates that the IMCs
do not break during the initiation and propagation
of fatigue cracks, and the thickness of the IMC layer
seems to have little effect on the strain incompati-
bility. So, it is reasonable to assume that the inter-
facial microstructure (or IMC thickness) has no
significant influence on the mechanism of fatigue
crack initiation and the following propagation
behavior. Beyond that, if the effect of aging on the
yield strength of the solder is neglected, samples
aged for different times but at the same stress
amplitude can be considered to have the same crack
initiation process. The fatigue life (Nf) is considered
to consist of a crack initiation cycle (Ni) and propa-
gation cycle (Np). For specimens aged for different
times, the crack initiation cycles should be approx-
imately equal when they were deformed under the

same stress amplitude and their crack propagation
rates are also similar. Therefore, only the difference
in the fracture strength determines the different
propagation cycles and thus different fatigue lives.

Figure 10 qualitatively illustrates the relation-
ship between the fatigue life and the stress ratio of
specimens aged for different times but at the same
stress amplitude. To avoid the effect of yield of the
solder, we have illustrated only the specimens tes-
ted at the stress amplitudes of 30 MPa and 35 MPa.
In this scheme, the y-axis (1 � ra/rb) represents the
proportion of the crack propagation region (see
Fig. 9) and the x-axis corresponds to the exponen-
tial-expressed cyclic number, considering that the
fatigue crack propagation rate has an approxi-
mately exponential relationship with the real stress
applied to the samples. According to the foregoing
discussion, specimens tested at the same stress
amplitude have the same number of crack initiation
cycles (Ni), which corresponds to the intercepts of
the broken lines in the scheme. However, if we
consider that the crack propagation cycle (Np)
is proportional to the proportion of the crack prop-
agation region in Fig. 10, the deviation of the
as-soldered samples is a little serious; the fatigue
lives of the as-soldered samples are shorter than
expected. In fact, the strength of the solder is
affected by the thermal treatment history, and the
yield strength of the solders in as-soldered speci-
mens is higher. As fatigue cracks propagate in sol-
der, the strength of the solder in specimens is
crucial to crack propagation rates and fatigue lives.
Therefore, the relatively higher strength corre-
sponds to a lower fracture toughness, so the rate of
fatigue crack propagation is higher in the as-sol-
dered samples, resulting in a lower Np. Although Ni

of as-soldered specimens may be higher, its pro-
portion in fatigue life is much lower than that of Np;
thus, the fatigue lives of as-soldered specimens are
shorter than expected.

Fig. 9. Illustration of fatigue crack propagation and final fracture
mode.

Fig. 10. Fatigue life determinant analysis of the solder joints aged for
different times at the same stress amplitude.
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CONCLUSIONS

Tensile and fatigue fracture behaviors of Sn-4Ag/
Cu solder joints aged at 180�C for different times
were investigated. Based on the experimental
results and analysis, the following conclusions can
be drawn.

The tensile strength (rb) of Sn-4Ag/Cu solder joints
decreases with increasing aging time or interfacial
IMC thickness; the tensile fracture mechanism also
changes from ductile to a ductile–brittle mixed
mechanism and, finally, to a trans-granular brittle
mode. The deterioration of interfacial strength
and the change of fracture modes have a close rela-
tionship with the accumulation of residual trans-
formation stress during growth of the interfacial
IMCs.

The fatigue life exhibits an approximately expo-
nential increase with the decrease of stress ampli-
tude when the stress amplitude is much lower. With
increasing stress amplitude, the S–N curve may
firstly present a nearly upright ascent and then
drop rapidly. Solder joints aged for different times
exhibit similar processes of fatigue damage. During
cyclic loading, micro-cracks are initiated at the
interface of the solder/IMC, due to strain incom-
patibility, then they link up to form long fatigue
cracks and are propagated into the solder adjacent
to the solder/Cu6Sn5 interface. When the real stress
amplitude approaches the fracture strength, final
brittle fracture will occur.

The thickness of the interfacial IMC has little
influence on the initiation mechanism and propa-
gation paths of the fatigue crack; the fatigue lives
are affected though dominating the fracture
strength. Joint samples aged for different times and
subjected to fatigue at the same stress amplitude
have the same crack initiation mechanism and
similar crack initiation cycles; only the difference of
the tensile strength leads to different crack propa-
gation cycles and fatigue lives.
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